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A patented microsystem Stirling cooler is under development with potential application to electronics, sensors,
optical and radio frequency (RF) systems, microarrays, and other microsystems. The microsystem Stirling cooler is
most suited to volume-limited applications that require cooling below the ambient or sink temperature. Primary
components of the planar device include: two diaphragm actuators that replace the pistons found in traditional-scale
Stirling machines; and a micro-regenerator that stores and releases thermal energy to the working gas during the
Stirling cycle. The use of diaphragms eliminates frictional losses and bypass leakage concerns associated with
pistons, while permitting reversal of the hot and cold sides of the device during operation to allow precise
temperature control. Three candidate micro-regenerators were custom fabricated for initial evaluation: two
constructed of porous ceramic, and one made of multiple layers of nickel and photoresist in an offset grating pattern.
An additional regenerator was prepared with a random stainless steel fiber matrix commonly used in existing
Stirling machines for comparison to the custom fabricated regenerators. The candidate regenerators were tested in a
piezoelectric-actuated test apparatus designed to simulate the Stirling refrigeration cycle. In parallel with the
regenerator testing, electrostatically-driven comb-drive diaphragm actuators for the prototype device have been
designed for deep reactive ion etching (DRIE) fabrication.

I. Introduction

INIATURIZATION of thermal management methods to accommodate distributed and microelectronic heat
sources is receiving increased attention. Micro-scale thermal management offers several enticing

opportunities:'
1. Ability to “spot cool” high heat flux regions with unparalleled resolution to bring down critical junction
temperatures.

2. Potential for macro-level performance leaps by optimizing micro-level heat transfer.

3. Improved integration of thermal management at the chip level using compatible semiconductor materials
and fabrication techniques.

4. Enabling of system-level miniaturization to support the pervasive trend toward increased capabilities in
smaller devices.

Micro-refrigerators and coolers have a unique characteristic for electronics cooling that differentiates them
from all other thermal management technologies: the ability to generate cooling temperatures below ambient or
ultimate sink temperature. Thermoelectric or Peltier coolers are the most common refrigeration devices used for chip
and board level electronics cooling, and have been scaled to the micro-domain. Unfortunately thermoelectrics have
low efficiencies resulting in high power requirements and added waste heat.

Meso and/or micro scale devices operating on the Stirling cycle are an attractive potential alternative based on
the high efficiencies realized for Stirling machines. A further attraction of micro-scale Stirling devices is the ability
of the Stirling cycle to be used for generating power where a temperature difference is maintained; or, in the
“reverse” refrigeration cycle with power input. However, attempts to miniaturize such a device for application in
electronics cooling have been scale-limited by the use of traditional components (e.g., pistons, linkages, and
pressure vessels) and traditional fabrication methods.>” As a result, Stirling coolers have been impractical for most
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electronic packaging applications. The only attempt known by the authors to approach the micro-scale is
documented in a series of cryocooler patents that use diaphragms instead of pistons to drive the working gas.”

The initial objective of the effort described in this paper is to develop a micro-scale Stirling cooler with a 30% of
Carnot efficiency and a no-load temperature lift of 20 °C. The prototype unit is expected to have a footprint on the
order of one square centimeter, with a thickness limited to several millimeters in order to accommodate integration
of the device with electronic packages.

A. Concept

Stirling  machines  face  two
significant dilemmas at meso and/or
micro scale: piston frictional losses and
axial  thermal conduction losses.
Frictional losses scale unfavorably
relative to performance in the micro
domain. As surface forces, frictional
losses diminish only as the square of unit
length; whereas, performance diminishes
roughly as volume or the cube of unit
length. Put another way, a Stirling
device that has been reduced in overall
size by a factor of one-thousand will
have a vastly reduced performance by a
factor of one-billion (as measured by
output power or refrigeration capacity),
while frictional losses will only be
reduced by a factor of one-million.

The regenerator of a Stirling device  pyoyre 1, Microsystem Stirling cooler (US Patent 6,385,973 B1).
maintains the temperature differential
between the hot temperature source and

cold temperature sink, while
simultaneously storing and releasing heat .

. N N NN ROY
from/to the working gas on every cycle. g}\\\\N\\\\\\\\\\\\\\\§\E%\ 16
Axial thermal conduction through the }_\

regenerator introduces a direct loss from
the device performance. At traditional
scales, this loss mechanism is
manageable. However, as the conduction
length is reduced to the order of
millimeters or less, minimizing axial
conduction losses becomes paramount.

A patented microsystem Stirling
cooler concept’ that addresses the key
issues of frictional and axial thermal
conduction losses is sketched in Fig. 1.
Figure 2 provides a more detailed view
of a portion of the device in cross-
section.

Referring to Fig. 2, frictional losses
are eliminated by replacing conventional
pistons and associated linkages with
electrostatically-driven solid silicon diaphragms (labels 14 & 16). The device is fabricated with semiconductor
processing techniques to produce a device with planar geometry. The result is a flat cold surface for extracting heat
and an opposing flat hot surface for thermal dissipation (labels 10 & 12). A thin film temperature sensor deposited
on one of the surfaces provides control feedback. This sensor, along with the ability to switch hot and cold ends by
altering the cycle with control software, permits the device to be used for precise thermal control as well as for
active cooling.

U
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NN NN \\ L
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Figure 2.—Cross-section view of portion of cooler concept.
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The expansion and compression diaphragms are the only moving parts (labels 14 & 16), and are deflected
toward and away from the regenerator region (labels 22 & 24) in phase-shifted sinusoidal fashion to produce the
Stirling refrigeration cycle. Expansion of the working gas in the space directly adjacent to the expansion diaphragm
in each cycle creates a cold end for extracting heat; while compression at the other end creates a hot region for
dissipating heat (labels 50 & 52).

Heat is transferred to and from the
working gas as it is forced through the
regenerator region (label 62) by the
moving  diaphragms. The slanted )
geometries of the diaphragm and _ Compression
regenerator surfaces are characteristic of ¢ Chamber
the wet etching process used to create the
structure, and advantageously increase
the potential swept volume in the
expansion and compression regions. The
regenerator can alternatively be made up
of constant cross-section passages that i

are created after the regenerator layers
are bonded. .
- Expansion

Issues associated with the breakdown )

. . . Chamber

of continuum behavior in the working

gas have been examined,6 and the initial

design was intentionally sized to be
above the continuum scale limits. Future eramic

components may be selectively scaled to Mounting

take advantage of noncontinuum Substrate

behavior (e.g., higher voltage breakdown
in the electrostatic-driven diaphragms).

Regenerator

Figure 3. Evolved prototype microsystem cooler design.

B. Evolved Design

Evolution of the design has resulted
in the minimization of inactive areas in the
regenerator and the use of electrostatic
comb drives to improve diaphragm
deflection and force generation. Figure 3
illustrates the current prototype design
consisting of a regenerator sandwiched
between compression and expansion
chambers.

Each of the chambers is formed by an
electrostatic vertical comb drive actuator
constructed from two silicon pieces which
are aligned and epoxy bonded together.
The top component consists of a 1.1 cm
diameter section of radial comb fingers
attached to a 2.2 cm frame by a set spiral
silicon springs. A 3 micron layer of CP-1
polyimide” is bonded to the top piece to
form an airtight sealed diaphragm. The
bottom component of the pumping
chamber has a 1.1 cm diameter section of
radial comb fingers with thru slots to allow
the working gas to pass through the
underlying regenerator.

Figure 4. Electrostatic comb-drive actuator diaphragm design.

* Available from SRS Technologies, Huntsville AL.
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As shown in Fig. 4, the comb drives consist of
concentric fingers 25 microns in width with gaps of
45 microns between fingers such that when the fingers are
interlocked there is a distance of 10 microns between them.
The fingers and thru slots are fabricated by using a Deep
Reactive Ton Etching (DRIE) process to remove silicon
from both the front and backside of the wafer. Afterwards
an oxide coating electrically isolates the top and bottom
pieces from each other.

Traditional comb drive actuators are made in a surface
micromachining process. Use of the DRIE process, with its
capability for vertical high aspect ratios, enables a
significantly greater number of fingers. The increased
number of fingers allows the generation of higher actuation
forces and, in turn, larger displacements. Analytical
calculations indicate that a 60 V potential across the comb
drive actuator generates 2.3 mN of force which displaces
the CP-1 diaphragm 151 microns.

II. Test Apparatus

Feasibility of the microsystem Stirling cooler depends
heavily on the design and performance of the regenerator.
The regenerator design must minimize axial conduction
and pressure drop, while maximizing heat transfer to and
from the working gas during operation. A specially
designed test fixture was constructed to characterize the
candidate regenerator designs under operational conditions
of interest, and to demonstrate the feasibility of producing
a Stirling refrigeration cycle at the small scale and high
frequencies desired.

A. Test Fixture

Figure 5 shows an assembled view (top) and exploded
view (bottom) of the micro-regenerator test fixture. A
photograph of the various components is shown in Fig. 6.

The regenerator to be tested is placed in the center of
the fixture assembly between two “pistons” that are
displaced by piezoelectric actuators using a plumbum (lead)
zirconate titanate (PZT) coating. The pistons, in turn, drive
a pair of membranes (shown as copper in Fig. 5) that are in
direct contact with the working gas.

Appropriate working gas volume exists on either side of
the regenerator to accommodate the expansion and
compression required of the Stirling cycle. The PZT
actuators are electronically controlled to drive the Stirling
refrigeration cycle within the fixture.

Initial tests indicated that the actuators were generating
and transferring significant heat in the original
configuration to the regenerator portion of the fixture.
Therefore, modifications were made to the test fixture to
thermally isolate the piezoelectric actuators from the device
inner components. Figure 7 is a photograph of the modified
fixture showing the low thermal conductivity stand-offs
separating the actuators from the remaining components.
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Figure 5.—Micro-regenerator test fixture design.
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Figure 6.—Test fixture components.

Figul"é 7.—Modified test fixture.




B. Regenerators
Four candidate regenerators were prepared for
testing in the test fixture with maximum dimensions of
one centimeter square by one millimeter thick:
e Ten layer composite nickel-photoresist
offset grating regenerator fabricated using
LIGA" techniques
e Large-grain porous ceramic regenerator
e  Small-grain porous ceramic regenerator
e Random stainless steel fiber regenerator

The nickel-photoresist grating regenerator (see
Fig. 8), was designed to minimize layer-to-layer axial
conduction and pressure drop while providing sufficient
nickel material for regenerative heat transfer to and from
the working gas. Each grating layer is composed of 50
microns of nickel deposited on 40 microns of low
conductivity photoresist. The openings in the gratings
are 100 microns square and the solid walls are
approximately 20 microns thick, resulting in a porosity
of approximately 60%. Each grating layer is offset by
50 microns in both directions, so that alternating layers
are duplicates and in precise alignment. The resulting
offset serves two key purposes: 1) disruption of the
boundary layer for improved heat transfer between the
working gas and regenerator; and 2) minimization of the
contact area between layers. The combination of low
contact area between layers, and the use of low
conductivity photoresist at the interface, results in low
axial conduction losses.

Two variations of porous ceramic regenerators — one
with 184 um grains and the other with 416 um grains —
were also prepared for testing. Figure 9 shows the
ceramic regenerators in the test fixture mounting with a
separate magnified photograph illustrating the structure
of the grains. Porous ceramic regenerators were selected
based on the large void volume and low thermal
conductivity that translate into low axial conduction
losses and pressure drop.

Finally, a regenerator composed of randomly
oriented 13-micron thick stainless steel fiber was
prepared for testing. Figure 10 shows a photograph of
the material along with a magnified view of the fibers.
This material is used in state-of-the-art Stirling machines
currently assembled at traditional scales, and provides
the advantage of high porosity (i.e., roughly 90%) and
low axial thermal conduction for an all-metal matrix.

et ]

Figure 8.—Nickel-photoresist regenerator.

W

fiber

Figure 10.—Random stainless steel

regenerator.

" LIGA is a German acronym (“LIthographie, Galvanoformung, und Abformung) for a set of micromachining
methods comprised of lithography, electroplating, and molding. This regenerator was custom fabricated and

assembled by Polar Thermal Technologies, Oak Creek, W1

¥ Information on the use of this material in traditional size Stirling machines, and a sample of the material for
testing, was provided by David Gedeon of Gedeon Associates. The material is manufactured by Bekaert (Belgium).
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C. Actuated Piston Displacement Calibration

A microwave interferometer, shown in Fig. 11, was
used to measure the displacement of the piezoelectric
actuated piston on the regenerator test fixture. Initial
testing provided verification of the wavelength of the
generated microwaves, and calibration information that
was used to obtain displacement data.

During the calibration measurement, the regenerator
test fixture was stabilized at incremental distances from
the microwave cone source. In this case, the modulator
regulator externally modulated the amplitude of the
microwaves. Half of the modulated microwave energy
was directionally coupled to a balanced mixer, and half
was passed to the reflective surface of the piston. The
returning signal was directionally coupled such that the
local oscillator and radio frequency signals recombined
at the balanced mixer where the resultant direct current
response was measured. A typical linear calibration
curve is shown in Fig. 12.

III. Test Results

A. Diaphragm Membrane Displacement

With each of the regenerators fixed inside the test
fixture, membrane displacement measurements were
obtained with the microwave interferometer previously
discussed. Initial calibration measurements provided the
maximum sensitivity point-away-from-source position in
which to conduct the membrane displacement tests. The
motion of the passive membrane was measured as the
active membrane was driven at various frequencies via
piezoelectric actuation. The displacement as a function of

Figure 11.—Microwave interferometer.

30
25 A
20
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10 1

Amplitude (mV)

0 T
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0.5
Distance (mm)

0.52 0.54

Figure 12.—Displacement calibration curve.

applied input voltage is shown in Figs. 13 and 14 for each regenerator. The maximum displacement for each
regenerator at system resonance and 1000 Hz are summarized in Table I for 400 V input to the piezoelectric
actuator. System resonance was found experimentally by frequency sweeping to determine the maximum membrane

deflection.
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Large-Grain Ceramic Regenerator Displacement (microns)
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Small-Grain Ceramic Regenerator Displacement (microns)
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Figure 13. Membrane displacement as a function of voltage at various frequencies for the porous
ceramic regenerators.
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Stainless Steel Fiber Regenerator Displacement (microns)

120
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Input (V)

Layered Nickel Regenerator Displacement (microns)
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Figure 14.—Membrane displacement as a function of voltage at various frequencies for the stainless
steel fiber and layered nickel regenerators.
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Table .—Summary of membrane displacement for each regenerator at 400 V input.

REGENERATOR RESONANT DISPLACEMENT @ DISPLACEMENT @
FREQUENCY (Hz) | RESONANCE (microns) | 1000 Hz (microns)

Layered nickel-photoresist 500 (+ 100) 98 55

Large-grain porous ceramic 800 (£ 100) 104 36

Small-grain porous ceramic 800 (+ 100) 108 31

Random stainless steel fiber 1500 (£ 100) 50 50

B. Stirling Refrigeration Cycle Demonstration

In order to determine if refrigeration was produced during operation, thermocouple probes were inserted in both
the compression and expansion spaces of the test fixture. The piezoelectric actuators were operated at the lower
power range of the membrane displacement tests (130 V peak to peak), with a phase lag between actuators of either
45 or 90 degrees to simulate the Stirling cycle. The frequency of operation was varied between 100 to 1000 Hz.

Initial testing produced a temperature difference as high as 8 °C across the regenerator using the fixture
configuration illustrated in Fig. 5. However, it was suspected that heat generated from the piezoelectric actuators
was influencing the temperature measurements. After thermally isolating the actuators with the modified fixture
shown in Fig. 7, the tests were repeated with the random stainless steel fiber regenerator and both ceramic
regenerators. Although the random stainless steel fiber regenerator qualitatively appeared to perform better than the
ceramic regenerators in a repeatable fashion, the measurable temperature difference was within the accuracy
tolerance of the temperature measurement system.

C. Discussion of Results

As expected, the membrane displacement was observed to be directly proportional to input voltage. The effect of
input frequency was found to be highly nonlinear around system resonance where the maximum membrane
deflection occurred. These results have implications for the prototype design and operation. Specifically, maximum
deflection of the membrane translates into maximum swept volume which is directly proportional to overall
performance. Therefore, the prototype design will perform optimally at system resonance and the highest input
voltage possible.

In addition to swept volume, frequency is another operational parameter directly proportional to Stirling cycle
performance. All other parameters being equal, higher frequency operation will result in higher overall performance.
At resonance, the membrane displacements for the layered nickel and ceramic regenerators are roughly within 10%
of each other, with the stainless steel fiber regenerator exhibiting about half the deflection of the other regenerators.
However, the layered nickel regenerator system resonance is 300 Hz lower than the ceramic regenerators, and
1000 Hz lower than the stainless steel fiber regenerator. At 1000 Hz, the layered nickel and stainless steel fiber
regenerators exhibit the highest membrane displacement.

The ultimate performance measure is the sustained temperature difference across the regenerator between the
compression and expansion spaces (i.e., the Stirling cycle demonstration tests). This temperature difference gives an
indirect indication of the thermal characteristics of the regenerator (e.g., transient heat transfer with the working gas
and axial conduction losses) as well as the overall performance that is affected by the swept volume and frequency
parameters already discussed. Unfortunately, the current results do not yield sufficient evidence to indicate which
regenerator candidate provides the best overall performance due to the experimental accuracy of the temperature
measurement system. It should be noted that the Stirling cycle demonstration tests run to date were at a significantly
lower input power than the maximum power used for the membrane displacement tests (130 V vs 400 V). Work is
currently underway to increase the input power for the next set of tests with the expectation of increasing the
temperature difference across the regenerator.

IV. Concluding Remarks

A microsystem cooler concept has been developed that incorporates diaphragm actuators to produce the Stirling
refrigeration cycle within a planar configuration compatible with below-ambient thermal management of electronics,
sensors, optical and radio frequency (RF) systems, microarrays, and other microsystems. The concept has evolved
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into a design incorporating DRIE fabricated electrostatically-driven comb drive diaphragms with a spiral spring
mounting for maximum deflection. Fabrication of a prototype device based on this design is currently underway.

The regenerator part of the microsystem cooler is critical to the feasibility and performance of the device. A test
fixture was constructed to characterize this critical component, and several regenerator candidates were fabricated
and tested. Test results indicate that each regenerator exhibits a unique system resonant frequency where the greatest
membrane deflection occurs, and hence the greatest swept volume. Assembly of the prototype device will make use
of this data to select the regenerator with the best combination of high resonant frequency and maximum membrane
deflection.

Demonstration of the Stirling refrigeration cycle within the test fixture was not definitively achieved during this
initial set of test runs as measured by a significant temperature difference across the regenerator. Future tests are
planned to increase the input voltage for greater membrane deflection.
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